The purpose of this work is to describe how the visual system groups surfaces of unequal lightness under complex patterns of illumination. We propose that the Gestalt principle of Grouping by Regularity explains this process better than the more often cited principle of Grouping by Similarity. In our first experiment we demonstrate that in a perceptual organization task, pitting proximity against illumination gradients, discounting the illuminant was contingent upon the periodicity of the illuminant. Traditional theories of lightness constancy and discounting the illuminant (Rock, Nijhawan, Palmer, & Tudor, 1992) cannot account for such effects. Three more experiments show that grouping is affected more by local luminance ratios than constant reflectance ratios. We conclude from these findings that Grouping by Regularity is a powerful grouping principle that operates pre-constancy.
Introduction
When we look at a grid of dots, where the inter-dot distance along rows is shorter than the inter-dot distance along columns we should, all else being equal, perceptually organize the grid into horizontal rows according to the Gestalt principle of Grouping by Proximity (Fig. 1a) . However, when all else is not equal and the surface reflection of dots alternates between columns (Fig. 1b) then the Gestalt principle of Grouping by Similarity can result in a perceptual organization into vertical columns, despite the longer inter-dot distances (Kubovy & Gepshtein, 2000; Kubovy & van den Berg, 2008) . Although this finding is robust in simple geometric stimuli it cannot be generalized to natural scenes because, while many objects have surfaces with constant reflectance, it is unlikely that all the reflectance ratios of an object's surfaces would be the same. For example, leaves on a tree mostly do not have constant reflectances; if they did they could not be differentiated. Similarly, due to stains or uneven wear slight deviations in the fabric dye of a polka-dot shirt can alter specific dot or background regions, yet all the dots may still appear to have the same reflectance (i.e., constant lightness). This apparent dot homogeneity -which may be retained even when the shirt is folded, despite the complex illumination gradient over the dotshas been explained by the lightness constancy hypothesis (Rock et al., 1992) , according to which uniform or periodic luminance fluctuations are discounted before the perceived reflectances (i.e., lightnesses) of surfaces are computed.
However, grouping via common surface lightness can be problematic because grouping itself can alter color appearance. For example, the phenomenological grouping of discs can alter their color appearance. The central orange disc in Fig. 2 appears yellower when it is grouped with its yellow vertical and horizontal neighbors, and redder when it is grouped with its diagonal red neighbors (Fuchs, 1938) .
The color assimilation of the orange disc toward either yellow or red has been considered a manifestation of the Principle of Prägnanz, according to which the 'simplest' Gestalt reflects maximum homogeneity of the grouped subset of elements present in the scene (Musatti, 1931) . These results suggest that a peripheral mechanism produces assimilation, possibly one based on localedge color-contrast. This indicates that grouping may be a preconstancy process which subsequently affects reflectance ratios.
However, peripheral mechanisms cannot account for all forms of assimilation (van Lier & Wagemans, 1997 ; also see Baylis & Driver, 1992) . For example, in Fig. 3 , if the central character seems to belong to the horizontal row, it looks like the letter B, but if it seems to be part of the vertical column, it looks like the number 13. Since the interpretation of symbols is involved in this phenomenon, the assimilation must be due to a central mechanism that uses serial order (A, B, C, . . ., and 12, 13, 14, . . .) rather than similarity. This demonstration compares to Fuchs' pre-constancy stimuli only it is not driven by low-level assimilation but each element in the array is allowed to differ. This serial order (high-level) process is a prelude to having a series of dot elements differ by a regular amount in reflectance ratio, which we implement in the principle of Grouping by Regularity.
These two demonstrations suggest that the lightness constancy hypothesis might not be a complete explanation of grouping of homogeneous dots under complex patterns of illumination. The Fuchs demonstration (Fig. 2) shows that colors (and therefore perhaps also lightness), can be changed by grouping. This process of assimilation is typically considered a low-level phenomenon. However, it is possible that a central mechanism could also be responsible for grouping. The letter-number demonstration (Fig. 3) is an example of such a central mechanism at work in grouping. We consider the possibility of central mechanisms when postulating that the perceived organization in our stimuli might be due to a post-constancy mechanism.
In addition to the problems raised by these two demonstrations, which do not involve lightness constancy, it turns out that even similarity cannot fully explain how the visual system groups via common surface lightness. The similarity account assumes surfaces of a common reflectance under constant illumination. After all, the original grouping principles Wertheimer, 1938 were posited as ''ceteris paribus'', or ''all else being equal'' principles. Since the issue in this study is the grouping of patterns under a complex illuminant all else is, unfortunately, not equal. The question then becomes whether we group pre-constancy based on similar luminance or post-constancy based on similar lightness. According to the late-grouping hypothesis (Palmer & Rock, 1994; Palmer, Brooks, & Nelson, 2003) grouping happens after constancy has occurred. Yet evidence has also been found that grouping can occur both pre-and post-constancy (Schulz & Sanocki, 2003) .
We are concerned with an explanation of the perceptual organization of patterns under a complex illuminant for which the combination of lightness constancy and Grouping by Similarity is insufficient. According to the lightness constancy hypothesis (Rock et al., 1992) common reflectance ratios result in a discounting of the illuminant and a post-constancy grouping by similar lightnesses, whereas a situation characterized by an absence of common reflectance ratios and only common luminance ratios leads to no discounting and constancy is irrelevant in this case. One way to understand perceptual organization in stimuli with complex illumination patterns, where edge ratios can vary a mechanism may be needed that can operate pre-constancy and therefore alter the appearance of the elements (as in Fig. 2 ), as well as post-constancy. At the same time Fig. 3 suggests that central mechanisms might contribute to assimilation at a symbolic level and that these central mechanisms use 'regularity' (in this case, serial order) rather than similarity as a means to assimilate. We therefore propose that Grouping by Regularity -a principle of grouping that is based on serial order -can help to account for the grouping of surfaces of unequal lightness under complex patterns of illumination better than the combination of lightness constancy and the Gestalt principle of similarity alone.
To determine the characteristics of Grouping by Regularity we proceed as follows. In our first experiment we asked whether observers could discount illumination gradients that vary in either periodicity or amplitude, and whether any failure to discount the illuminant influences a perceptual organization task. In the second experiment we investigate the effect of regularity on a grouping task, establishing that Grouping by Regularity can be stronger than Grouping by Similarity or Grouping by Proximity. Our third experiment combines the manipulations of the first two experiments to test whether grouping under a complex illuminant is driven by local luminance ratios alone or whether it requires simultaneous evidence of whether the to-be-grouped surfaces are under varying illumination. In our last experiment we test whether our method of creating a complex illuminant indeed results in the perception of a complex pattern of light and shadow. 3 . The letter-number demonstration (origin of the demonstration unknown; it combines the features of a demonstration by Selfridge (1955) , seen in Neisser (1967) , p. 47, and an experiment by Bruner and Minturn (1955) ).
Experiment 1: Illumination gradients varying in periodicity or amplitude
Our first experiment had two goals. First, to determine whether a perceptual organization task can be used to investigate the situations under which the visual system discounts a complex illumination gradient. Second, to determine some of the factors that play a role in the discounting, namely the frequency and amplitude of a sinusoidal illuminant.
Method
Achromatic stimuli were presented on a 14 00 color monitor (800 Â 600 pixel, 72 Hz noninterlaced at CIE chromaticity x = 0.27, y = 0.28). We measured the chromaticity of each phosphor spectroradiometrically and linearized the red, green, and blue guns using an 8-bit lookup table. Luminance was constant (±3%) within the region of the screen that displayed the dot lattices.
We used rectangular dot lattices (Kubovy, 1994; Kubovy & Wagemans, 1995) , whose dots subtended 14 pixels (0.35°of visual angle). We presented the lattices at random orientations in a circular aperture (diameter -9.023°visual angle). The shortest inter-dot distance was constant, jaj = 38 pixels (0.95°visual angle). The orthogonal inter-dot distance, jbj, spanned 38 (0.95°, 43 (1.075°), or 48 (1.20°) pixels. Hence the aspect-ratio, jbj/jaj, of the dot-lattice was either 1.00, 1.13, or 1.26 (Fig. 4) .
In Experiment 1A we used three dot lattices. Each contained dots on a background of uniform luminance multiplied with a sinusoidal luminance grating whose sinusoidal bands were parallel to the orientation of b. The background-to-dot luminance ratio was 0.128. The maximal change in luminance per unit space was kept constant to ensure equal salience and visibility of the sinusoidal background. The first condition was a control condition that contained a uniform background and uniform dots (Fig. 5a ). The second and third conditions had a spatial frequency sinusoidal background of either high frequency (F = 3.37 c/deg; Fig. 5b ) or low frequency (F = 0.017 c/deg; Fig. 5c ). The purpose of the high and low frequency conditions was to change the complexity of the illumination pattern, but with a desire to keep the visibility and salience of the sinusoidal background constant. To accomplish this we equalized the maximum slopes of the sine wave by matching an appropriate amplitude to each frequency condition. In all conditions we varied amplitude around a mean luminance of 49 cd/m . The observers in Experiments 1-4 were undergraduates at Wake Forest University who participated for course credit in an introductory psychology course. We recruited fifteen (9 females, 6 males) observers for Experiment 1A and fourteen (6 females, 8 males) for Experiment 1B.
On each trial we presented a dot lattice for 300 ms, followed by a 200 ms mask consisting of a succession of three frames, where each frame presented a dot-lattice in which the dots were randomly perturbed. Observers indicated the perceived organization of the lattice by clicking on one of four circular icons bisected by a line whose orientation corresponded to the orientations of a, b, c, or d (4AFC, with no correct or incorrect responses, a methodology (Kubovy & Gepshtein, 2003) , called phenomenological psychophysics). Upon responding, the screen went blank for between 100 and 400 ms, after which the next trial began.
Experiment 1A had nine conditions: 3jbj/jaj Â 3 gratings. Each condition was repeated 100 times for a total of 900 trials. Observers were given 2 min rest every 150 trials. The experiment took about 35 min. Experiment 1B had twelve conditions: 3jbj/jaj Â 4 gratings. Each condition was repeated 140 times for a total of 1680 trials. Observers were given a 2 min rest every 210 trials. The experiment took about 65 min. Stimulus configurations were randomly intermixed.
Results

How we analyzed the data
For Experiments 1-3 we needed to determine the extent to which aspect ratio (jbj/jaj) and other stimulus characteristics affected the perceived organization of the dot-lattice along either a or b. We tallied the frequencies of the observers' a, b, c and d responses in each condition, and fit these data with linear mixed-effects models (with log[p(b)/p(a)] as the response variable) estimated by restricted maximum likelihood (REML), using the function lmer (Bates & Sarkar, 2007) , running on R (Ihaka & Gentleman, 1996) . We summarize the data for each experiment in two ways: manner. They compactly implement the recommendations of Loftus (2002), and of the APA Task Force on Statistical Inference as reported by Wilkinson (1999) . They capture the minimal adequate model, which is simpler but does not have less explanatory power than the maximal model, and is derived from it by a process of model-selection by term deletion. For a good summary of model selection, see Crawley, 2007, pp. 323-329, (c) A table listing the statistics that result from running an ANOVA on the data. The data are based on the proportions p(b) and p(a). Kubovy, Holcombe, & Wagemans (1998) have shown that the natural logarithm of the ratio between these two proportions results in a linear attraction function. At the same time Jaeger (2008) has argued that an ANOVA is not appropriate for proportional data, with or without transformations. Our process of model-selection by term deletion using restricted maximum likelihood avoids the problems identified by Jaeger (2008) 2.2.2. Experiment 1A As described above, the process of model-selection by term deletion was performed on the data (Fig. 6 ), which resulted in a minimal adequate model with aspect ratio (jbj/jaj) as a continuous factor and spatial frequency (F) as a discrete (categorical) factor and no interaction (Fig. 7) . This means that aspect ratio and spatial frequency explained significant amounts of variance in the data, while the interaction did not (see Table 1 ). As can be seen in Fig. 7 , the estimated coefficient for jbj/jaj was À5.0 (95%CI = [À6.5, À3.5]), indicating that the tendency to perceive the dot-lattice grouped along a increases as jbj/jaj increases. This value for the slope of the attraction function is common and replicates previous studies Kubovy et al. (1998) . Additionally, the estimated effect on the perceived organization of the dot-lattice along either a or b of the low frequency sinusoidal background (F = 0.017 c/deg) was not different from the control condition in which we used a Here and in all subsequent plots of the data, we jittered x-axis values slightly to insure legibility. As jbj/jaj increases the number of a grouping responses also increases relative to b. A uniform and low-frequency modulation lead to similar grouping responses. A high-frequency modulation biases the grouping in the direction of the sinusoidal background. uniform background. In contrast, the high frequency sinusoidal background (F = 3.37 c/deg) did influence the perceived organization and favored grouping along b.
Experiment 1B
An additive model, with aspect ratio (jbj/jaj) and amplitude (A) as continuous factors and no interaction fared as well as models with the interaction or models with these variables as discrete (categorical) factors, implying that the effects of each of these predictors on log-odds (log[p(b)/p(a)]) was linear and additive ( Fig. 8 and Table 2 ). The interaction between aspect ratio and amplitude did not contribute to the explanatory power of the model and was therefore not significant. The organization of the dot-lattice was again clearly influenced by jbj/jaj (Fig. 9) , although the slope of the attraction function was somewhat shallower than in Experiment 1A. The amplitude of the sinusoidal background (A) had a linear effect on log[p(b)/p(a)], with steeper slopes of the sinusoid resulting in more frequent grouping along b instead of a.
Discussion
The preceding experiments use grouping to determine conditions under which an illumination gradient is discounted. Experiment 1A shows that in the presence of a high-frequency grating, grouping was biased by the orientation of the bands. Thus, the illuminant was not discounted with a high-frequency grating, whereas it was discounted with a low-frequency grating (grouping was similar to the uniform background condition). These results show that a shallow gradient has no effect (and constancy prevails) but a high-frequency gradient overrides constancy.
Seminal work by Gilchrist, Delman, & Jacobsen (1983) , Gilchrist (1988 ) & Land (1971 , 1977 addressed the issue of gradient sharpness as a cue for illumination. Gilchrist found that shadows with penumbra are more likely to be classified as illumination edges rather than material edges. Likewise, Land developed his Retinex algorithm with the capability to discount shallow illumination gradients. In both these cases shallow illumination gradients are analogous to our low-frequency gradients. Thus, our findings agree with both Gilchrist's and Land's hypothesis that the visual system discounts shallow, but not necessarily steep, gradients. Additionally, these findings agree with those demonstrated in the temporal domain by Schulz & Sanocki (2003) .
Experiment 1B shows that the grouping bias increases with the amplitude of the high-frequency sinusoid. This indicates that the ability to discount the illuminant is also contingent upon the slope of the gradient. Traditional theories of lightness constancy and discounting the illuminant (Rock et al., 1992) cannot account for such effects.
In general, the biasing of grouping may serve as a tool to determine the degree to which an illumination gradient is discounted. Because we found that a low-frequency grating does not bias the grouping we will only use high-frequency gratings in the following studies.
Experiment 2: Grouping by regularity
In Experiment 1 we investigated the ability of the visual system to discount complex illumination gradients. Before determining how the Principle of Grouping by Regularity interacts with complex patterns of illumination in Experiment 3 this experiment investigates the effect of regularity in isolation. Grading columns of dots by luminance can augment the strength of Grouping by Regularity. One way to demonstrate this is to introduce regular variability in the luminances of the dots along b in a dot-lattice and to subsequently perturb this regular variability and see if this decreases the propensity to group the dot-lattice along b. Thus, columns of dots that are graded in luminance show grouping by columns, whereas disrupting this Grouping by Regularity should destroy the grouping by columns effect. (Please keep in mind that in Experiments 1-3 the dot-lattice was presented in a random orientation on each trial. The orientations of a and b, although always perpendicular to each other in our stimuli, were rarely horizontal or vertical as our use of the words ''rows'' and ''columns'' may suggest. We use these terms for ease of communication only.)
Method
The stimuli were the same as the ones used in Experiments 1a and 1b, except that we reduced the dot size to 0.21°visual angle and increased the diameter of the aperture to 12.5°visual angle, so that each lattice contained about 110 dots. The aspect-ratios, jbj/jaj, of the dot-lattice were 1.00, 1.15, or 1.30 (similar to Fig. 3) .
The dots were placed on a constant 30 cd/m 2 luminance background. In one condition our stimuli consisted of columns of dots that were graded in 4 cd/m 2 luminance steps. This no-swap configuration placed columns of dots, graded in luminance, on a uniform background, maintaining a constant local luminance ratio within each row (Fig. 10a) . A one-swap configuration, containing identical dot luminances as the initial stimuli, swapped dot rows 3 and 5, minimally disrupting the regularity of the column luminance grading (Fig. 10b) . A three-swap configuration swapped dot rows 1 and 3, 5 and 7, and 2 and 6, further disrupting the dot luminance grading regularity within each column ( Fig. 10(c) ). Four (2 females, 2 males) naive observers taking a Wake Forest University introductory psychology course participated in three sessions of the experiment for course credit.
We used the same experimental design here as in Experiment 1, except that our factors were 3jbj/jaj Â 3 swap conditions. Each condition was repeated 50 times per session for a total of 1350 trials. Observers were given a 2 min rest every 180 trials. Each session of the experiment took about 50 min.
Results
The data were analyzed in the same way as the Experiment 1 data. The analysis revealed that only the number of row swaps as a categorical variable contributed to the explanatory power of the model. In the process of model-selection by term deletion jbj/jaj and the interaction between the number of row swaps and jbj/jaj were removed from the model because they did not contribute significant explanatory power to the model (Fig. 11 and Table  3) .
At first sight it may appear as if increasing the length of b resulted in more grouping responses along b (Fig. 11) . This would be contrary to the predictions of the Gestalt principle of grouping by proximity. However, as noted above, jbj/jaj did not contribute to the explanatory power of the model. A traditional Anova confirmed that jbj/jaj explained only a small percentage of the variance in the data. This is also evident from the fact that the confidence interval for the estimate of the slope of the attraction function includes zero (Fig. 12) .
On the other hand, Fig. 12 also shows that the effect of row swapping was considerable. As predicted, swapping three rows, which results in the greatest amount of irregularity along b resulted in a reduction of b responses compared to the number of b responses in the one-swap condition, which in turn resulted in fewer b responses than the no swap condition.
Discussion
From this experiment we conclude that altering the regularity among the luminances of dots within a dot lattice affects the perceptual grouping of the dots when pitted against proximity. This is a large consistent effect covering a >2 ln probability. Swapping rows changed only the spatial ordering of dots' luminances within a column, from an initially gradual continuum of dots to columns of increasing variability. The resulting decreased tendency to group along b demonstrates that the spatial regularity of dot luminance strongly affects grouping.
Although this experiment was not designed to compare their strengths, it appears that Grouping by Regularity is stronger than Grouping by Similarity. In the no-swap condition (Fig. 10a) dots are homogeneous along a and heterogeneous along b. Yet the data (Fig. 11) show that observers tend to perceive the dots as grouped along b more often than along a in that condition, favoring the This result, in which Grouping by Regularity of dot surfaces of different reflectances is more potent than Grouping by Similarity, shows that grouping can occur post-constancy, based on luminance ratios. This is similar to findings from Rock et al. (1992) , who demonstrated that grouping by reflectance ratios occurs pre-constancy if there appears to be a region of transparent overlay. However, if the overlay appears instead to be an opaque surface, the perceived grouping is based on luminance ratios, rather than the absolute luminance values of the surfaces. Both our findings and those from Rock et al. (1992) imply that grouping is not necessarily driven by local luminance ratios per se, but requires simultaneous evidence of whether the to-be-grouped surfaces are under varying illumination.
Experiment 3: Grouping by Regularity and illumination gradients
In Experiment 1 we used a sinusoidal gradient to create the appearance of a complex illuminant, resulting in varying local luminance contrasts. In Experiment 2 we kept the background constant but introduced a gradient in the dots, which also varied the local luminance contrasts. In this experiment we combined the sinusoidal background with a gradient of dot luminances, while at the same time keeping the local luminance contrasts constant or allowing them to vary. This created the appearance of either shifts in illumination or opacity by regulating only the local luminance contrast between each dot and its immediate background (i.e., no distant edges exist to be altered). This allowed us to construct pre-constancy representations from local luminance contrast that interact with post-constancy category-based representations, such as those that might arise when grouping across dots that differ by gradual steps in surface lightness.
Such stimuli test the traditional lightness-constancy hypothesis Rock et al. (1992) , which postulates that observers discount regular luminance fluctuations before computing surface lightness, after which they group by similarity. That is, this experiment tests whether the visual system resolves regularity across different surface reflectances in a way comparable to what happens in Grouping by Similarity, with assimilation the principle that governs the minimization rule of Prägnanz. Thus, these stimuli test whether surface luminance regularity (Experiment 2) is discounted in a way comparable with an illumination gradient (Experiment 1).
Method
We presented stimuli on a calibrated 20 00 LCD (1024 Â 768 pixel, 60 Hz) iMac monitor, which produced achromatic stimuli at CIE chromaticity x = 0.27, y = 0.28. Luminance was approximately constant (±2%) within the central region of the screen that displayed the dot lattice patterns. As in Experiment 1, the stimuli were rectangular dot lattices (Kubovy, 1994; Kubovy & Wagemans, 1995) , where dots subtended 0.35°visual angle, presented at random orientations in a circular aperture (9.023°diameter visual angle). In these lattices the shortest inter-dot distance, jaj was constant (38 pixels; 0.95°v isual angle). The second shortest inter-dot distance, jbj, was 38 (0.95°), 48 (1.2°), or 56 (1.4°) pixels, making the dot-lattice jbj/jaj aspect-ratio 1.00, 1.26, or 1.47 (similar to Fig. 4) .
In three constant ratio conditions (Fig. 13 ) the entire stimulus, dots and background, were modulated with a medium frequency sinusoid grating (F = 0.055c/deg, amplitude = 48 cd/m 2 ) along jbj, keeping the background-to-dot luminance ratio constant at 0.128 throughout the display. In three constant luminance conditions ( Fig. 14) the background was modulated with the same medium frequency sinusoid grating. However, the mean luminance of each dot was fixed, instead of being a proportion of the background, allowing the background-to-dot luminance ratio to vary throughout the display. For each of the two gradient conditions (i.e., constant ratio and constant luminance), there were three dot arrangement conditions. (a) Uniform: alternating columns of dots differed by a 1:2 luminance ratio and the dot luminances within a column remained uniform (Figs. 13 and 14a ). (b) Graded (Figs. 13 and 14b ) kept the middle row of dot luminances identical to those in the uniform condition, the dot luminance intensity within every column was graded in 4 cd/m 2 steps around the middle row mean luminance values, so that the dot intensities systematically decreased along a column in the lattice. This insured the mean luminance of each column, and the entire stimulus array, remained identical to the uniform condition. (c) The rearranged condition (Figs. 13 and 14c ) spatially rearranged the graded dot luminances by rows. This was done in the same way as in Experiment 2's three-swapped condition. That is, we swapped dot rows 1 and 3, 5 and 7, and 2 and 6. This preserved the mean luminance of each column and the entire stimulus array, making it identical to the other two conditions. Moreover, although this condition changed the spatial ordering of dot luminances along b, from a gradual continuum of dots to an unsystematic array of dots, it retained the spatial ordering of dot luminances along a. Fifty (31 females, 19 males) naive observers taking a Wake Forest University undergraduate introductory psychology course participated in the experiment for course credit.
We used the same experimental design here as in Experiment 1, except that our factors were 3jbj/jaj Â 3 dot luminance arrangements Â 2 constant ratio or constant luminance. Each condition was repeated 30 times for a total of 540 trials. Observers were given a 2 min rest every 135 trials. The experiment took about 25 min.
Results
The data (Fig. 15) were best fit by an additive model with aspect ratio (jbj/jaj) as a continuous variable and shading and arrangement as discrete variables. No interactions contributed to the fit of the model (see Table 4 ).
Figs. 15 and 16 show that observers prefer dot regularity, in both the constant luminance and constant ratio conditions. That is, they decreased their likelihood of grouping the stimuli along b systematically from uniform to graded to rearranged conditions. Moreover, the constant ratio conditions produced a stronger bias of grouping along a (i.e., within rows, the direction of the sinusoid) compared to the constant luminance condition, implying that when the shadow was uninterrupted (i.e., constant ratio), observers were better able to group by the orientation of the sinusoid.
Discussion
This experiment used two different shading methods to create an illumination gradient. It is clear from Figs. 15 and 16 that both types of gradient bias grouping towards a, the direction of the sinusoidal gradient. The intercept of the attraction functions is not 0, as would be expected when jbj/jaj = 0, but is biased towards a. Additionally, because reflectance ratios alternate along a Grouping by Similarity would predict less grouping along a (Kubovy & van den Berg, 2008) . This shows that, as in Experiment 1, a Fig. 13 . The constant ratio stimuli from Experiment 3. In the constant ratio condition the entire stimulus was modulated with a sinusoid grating. This kept the dot-tobackground ratios constant throughout the stimulus. The regularity of the dots along b was manipulated by keeping all dots uniform (a) and creating a graded stepwise variation (b), or by perturbing the graded variation by swapping rows 1 and 3, 5 and 7, and 2 and 6 (c).
Fig. 14. The constant luminance stimuli from Experiment 3. Also in the constant ratio condition the entire stimulus was modulated with a sinusoid grating, except that the luminance of each dot was fixed across the surface of the dot. This resulted in varying dot-to-background ratios throughout the stimulus. The regularity manipulation in the constant luminance condition was identical to that in the constant ratio condition.
high-frequency grating is more difficult to discount, thereby biasing the grouping towards a. Such a finding goes against the traditional lightness constancy hypothesis (Rock et al., 1992) . In our stimuli the reflectance ratios along a are not similar and a postconstancy Grouping by Similarity would therefore predict less grouping along a.
There are two possible reasons why grouping is biased towards a. First, the sinusoid may not be perceived as an illumination gradient or shadow and is therefore never discounted. This would suggest that lightness constancy is never achieved and that perceptual organization of the dots is computed based on luminance ratios. Experiment 4 will argue against this possibility. Second, it is possible that the perceptual organization is computed pre-constancy and that the gradient subsequently biases the results towards a.
Evidence for a pre-constancy grouping process comes from a comparison between the two shading methods. The data show that in the constant luminance condition observers perceive the lattice organized along b (columns, the direction of regularity along the dots) more often than in the constant ratio condition. Experiment 2 showed that regular variations in luminance or reflectance ratios can lead to a strong effect of Grouping by Regularity, but in Experiment 2 there was no illumination gradient and could therefore not determine whether Grouping by Regularity is based on luminance or reflectance ratios. In the current experiment the stimulus does have an illumination gradient and again there is a strong effect of regularity with more grouping along b in the uniform and graded conditions than in the rearranged condition. Importantly, there is no interaction between the shading method and regularity, showing that the grouping along b caused by regularity is equally strong in both the constant luminance and constant ratio conditions. Given that the constant luminance ratio, in general, shows more grouping along b suggests that reflectance ratios are less relevant for Grouping by Regularity and that Grouping by Regularity is computed pre-constancy based on luminance ratios.
Experiment 4: Does the illumination gradient result in the perception of a shadow?
Our final experiment determined whether the bias towards grouping the dot-lattice along a (the direction of the sinusoid) in the constant ratio condition versus the constant luminance condition obtained in Experiment 3 was, in fact, due to observers perceiving more of a shadow gradient in the constant ratio than in the constant luminance condition. This will determine if perception of the shadow gradient occurred, providing a causal factor in driving the grouping results.
Method
We used the same stimuli as those that were presented in Experiment 3; however, the stimuli (2 illumination conditions -constant ratio and constant luminance, 3 dot regularity conditions -regular, graded and rearranged, and 3 aspect ratios -1.0, 1.26 and 1.47) were arranged in three randomized sequences of projected images and presented to one hundred (63 females, 37 males) naive observers using presentation software in a classroom setting. Each stimulus configuration was shown once for 10 s for a total of 18 trials. After each stimulus was presented, observers had 5 s to rate the preceding stimuli using pencil and paper on a zero to one-hundred point subjective scale, where zero indicated they definitely did not see a shadow and one-hundred indicated they definitely saw a shadow. Observers were run in two groups of 33 and one group of 34, each with a different randomized order of the 18 stimuli. The experiment took about 5 min.
Results
Through the process of model-selection by term deletion the minimal adequate model for explaining the rating scores was determined. The variables of shading (constant ratio and constant luminance), arrangement (uniform, graded, and swapped), and aspect ratio (jbj/jaj) and all possible interactions were entered into the model. The minimal adequate model contained only shading and arrangement as discrete (categorical) variables. In other words, shading and arrangement had an effect on the strength of the perceived shadow, but aspect ratio and any of the interactions did not (see Table 5 ).
As the dot regularity decreased (i.e., from uniform to graded to rearranged) the perception of the sinusoid being a shadow decreased (Figs. 17 and 18) . Importantly, across all three conditions, there was a greater perception of a shadow in the constant ratio compared to the constant luminance condition.
Discussion
The participants' ratings show that in the constant ratio condition the gradient appears more like a shadow than in the constant luminance condition. This was predicted because the edge ratios are consistent in the constant ratio condition.
Because the edge ratios are consistent in the constant ratio condition it is perceived more readily as a shadow and should therefore also be easier to discount to achieve lightness constancy. However, in Experiment 3 the constant ratio condition resulted in more grouping along a, the orientation of the sinusoidal gradient. In other words, the constant luminance condition appears less like a shadow, even though the constant luminance condition has more b responses in Experiment 3. This provides further evidence that the reflectance ratios, which are consistent in the constant ratio condition, are less important for Grouping by Regularity than the luminance ratios. The results of Experiment 4 therefore provide further evidence for a pre-constancy Grouping by Regularity in Experiment 3.
Conclusion
In four experiments we have investigated the ability of the visual system to discount a complex illuminant and have shown that the visual system organizes surface reflectances of a visual pattern Table 5 ANOVA statistics for the data from Experiment 4. Only the number of row swaps and the shading method influence the perception of a shadow significantly. Aspect-ratio and the interactions did not reach significance and had negligibly small effect sizes. Fig. 17 . Data of Experiment 4: Subjective report of a shadow (100 = most like a shadow, 0 = least like a shadow) for constant ratio and constant luminance stimuli for the three dot-luminance arrangements. As the regularity along the dots decreases the perception of a shadow is reduced. In the constant ratio condition, where dot-to-background ratios are consistent, the perception of a shadow is stronger than in the constant luminance condition. under such a complex illuminant according to a principle of Grouping by Regularity. We suggest that this principle operates at a preconstancy level. Our results also show that the visual system can favor grouping by regularity over proximity and similarity in dotlattices. The question of whether grouping occurs pre-constancy or post-constancy, or whether it occurs in parallel, early or late, is a recurring one in the field of perceptual organization (Beck & Palmer, 2002; Kimchi, 2000; Palmer, Neff, & Beck, 1996; Palmer & Nelson, 2000; Palmer, 2002; Palmer et al., 2003; RazpurkerApfeld & Kimchi, 2007; Schulz & Sanocki, 2003) . One interpretation of our results implies that pre-constancy processes can influence reflectances, which in turn influence further grouping processes. If this interpretation is correct then proposed grouping principles that operate only at one level cannot account for our findings. Rock et al. (1992) claim that grouping occurs post-lightness constancy (i.e., is a late visual process), not at the retinal (i.e., local luminance ratio) level. Palmer et al. (2003) ask how late grouping can actually occur. Palmer & Rock (1994) suggest that the processes of grouping follow the entry-level principle of 'uniform connectedness' (UC). Uniform connectedness occurs when the visual system perceives closed regions of homogeneous properties, such as lightness, as single units. Although such a construct would apply to the uniform dot condition within a column (Experiment 2) as well as the rows of equal luminance without bands, many of the other conditions we tested do not produce ''closed regions'' per se. Thus, it is hard to image how UC would apply to the graded dots of the current study. By stipulating that figure-ground processing occurs before applying the principle of uniform connectedness, Palmer & Rock (1994) allow both absolute local luminance edge information to produce a UC region (i.e., columns) and a constant luminance ratio to produce a UC region (i.e., rows). Our findings suggest that these may not be comparable processes. This is an important discovery in that the color appearance of an individual element (i.e., a surface) depends upon the weights of the other elements (i.e., multiple surfaces) that produce grouping forces of attraction and repulsion within a scene, resulting in both assimilation and contrast. For example, the work of van Lier & Wagemans (1997) showed that the color appearance of an element, which is positioned to belong to either of two neighboring collections of elements, tends to look more like the color of the elements with which it can be grouped (thus facilitating color assimilation).
Our study might clear up why Rock et al. (1992) find only postconstancy grouping. There is a difference between their simplified method of creating the impression of a shadow in their stimuli and our attempts at creating more complex illuminant patterns. Rock et al. (1992) have shown that grouping is a pre-constancy problem that can be solved by using reflectance ratios if there is a transparent region overlay. However, if observers make reflectance matches to an opaque background they use luminance ratios rather than absolute luminance values. It is worth noting that Rock et al.'s (1992) stimuli create the impression of a shadow along the edges of the display, which are unaffected by the dot-edges. This is why they claim that grouping is not driven by retinal luminance ratios. However, in our Experiment 3 the dot-edge retinal luminance ratios (computed as Michelson contrasts) drive both the impression of the shadow-sinusoid and the lightnesses of the dots. This suggests (in agreement with Schulz & Sanocki, 2003) that some grouping must occur before constancy is complete even though some grouping can remain a post-constancy process. This is what allows us to distinguish between dots on a polka-dot shirt in shadow (via constant contrast ratios), where the dots appear uniform, and dots on part of the shirt that are stained with red wine (i.e., has luminance contrast), where the color of the dots appears to be a mixture of the pigment of the dots and the color of the stain.
An example of these higher-order relationships in which grouping by luminance plays a role is the ''dungeon illusion'' reported by Bressan (2001) ; Bressan & Kramer (2008) . In essence, like Bressan, we do not rely on junctions to play a role in lightness estimation, but rather consider our process of grouping by luminance as falling under the general rubric of the effects of remote luminance on lightness.
The postulate that Grouping by Regularity occurs preconstancy also has implications for the ability of structural information theory (SIT) to account for our results. Structural information theory provides formal rules for determining which of all possible interpretations have minimal information content according to a well-defined criterion. Yet none of its models deal with the principle of regularity as defined by the stimuli in the present study van Lier, van der Helm, & Leeuwenberg, 1994) . Thus, although SIT addresses Marr's (1982) ''computational-level'' concerns, it does not specify the order of internal processes involved (only the input-output). Most theories tacitly assume that grouping happens in early vision (Kahneman & Henik, 1981) and occurs before constancy is computed. Our data support and suggest feedback theories: grouping may begin before constancy is computed, but it is probably modified by postconstancy information. It is also possible that the processing occurs in parallel, which would eliminate the necessity of feedback. Further experimentation is required to determine if levels of processing or parallel processing is more likely.
Finally, low-level models of early vision cannot account for our results either. Wilson, Switkes, and De Valois (2004) showed that dipoles that differ greatly in contrast are not grouped into basic oriented-feature elements and thus cannot support pattern detection. They argue instead that their glass pattern intra-dipole contrasts matter more than the absolute contrast of either member of the dot-pair (also see Compton & Logan's, 1993, CODE algorithm, and Prazdny, 1984) . Our findings using gradients are more complex than such simple dipole models making it difficult to understand how early brain regions such as V1 would process our stimuli (Gilbert, Ts'o, & Wiesel, 1991) , in that regularity compares the steps between signals (i.e., constant contrast ratios across multiple elements versus single dipoles). This is important because the variations in contrast between elements within natural scenes is often high, and mostly does not follow a dipole model (Brady & Field, 2000) .
In sum, the ability of the visual system to group visual elements under a complex illuminant appears to rely on a number of processes. The traditional account involving lightness constancy and Grouping by Similarity is part of the story. For a more complete story another process is needed that operates before lightness constancy is achieved and that operates over an area of the visual scene that is larger than the one involved in simple dipole models. We call it Grouping by Regularity.
